Abstract: Experience-dependent plasticity, the ability of the brain to constantly adapt to an ever-changing environment, has been suggested to be highest during childhood and to decline thereafter. However, empirical evidence for this is rather scarce. Slow-wave activity (SWA; EEG activity of 1-4.5 Hz) during deep sleep can be used as a marker of experience-dependent plasticity. For example, performing a visuomotor adaptation task in adults increased SWA during subsequent sleep over a locally restricted region of the right parietal cortex, which is known to be involved in visuomotor adaptation. Here, we investigated whether local experience-dependent changes in SWA vary as a function of brain maturation. Three age groups (children, adolescents, and adults) participated in a high-density EEG study with two conditions (baseline and adaptation) of a visuomotor learning task. Compared with the baseline condition, sleep SWA was increased after visuomotor adaptation in a cluster of eight electrodes over the right parietal cortex. The local boost in SWA was highest in children. Baseline SWA in the parietal cluster and right parietal gray matter volume, which both indicate region-specific maturation, were significantly correlated with the local increase in SWA. Our findings indicate that processes of brain maturation favor experience-dependent plasticity and determine how sensitive a specific brain region is for learning experiences. Moreover, our data confirm that SWA is a highly sensitive tool to map maturational differences in experience-dependent plasticity. Experience-dependent plasticity, the ability of the brain to constantly adapt to an ever-changing environment, has been suggested to be highest during childhood and to decline thereafter. However, empirical evidence for this is rather scarce. Slow-wave activity (SWA; EEG activity of 1-4.5 Hz) during deep sleep can be used as a marker of experience-dependent plasticity. For example, performing a visuomotor adaptation task in adults increased SWA during subsequent sleep over a locally restricted region of the right parietal cortex, which is known to be involved in visuomotor adaptation. Here, we investigated whether local experience-dependent changes in SWA vary as a function of brain maturation. Three age groups (children, adolescents, and adults) participated in a high-density EEG study with two conditions (baseline and adaptation) of a visuomotor learning task. Compared with the baseline condition, sleep SWA was increased after visuomotor adaptation in a cluster of eight electrodes over the right parietal cortex. The local boost in SWA was highest in children. Baseline SWA in the parietal cluster and right parietal gray matter volume, which both indicate region-specific maturation, were significantly correlated with the local increase in SWA. Our findings indicate that processes of brain maturation favor experience-dependent plasticity and determine how sensitive a specific brain region is for learning experiences. Moreover, our data confirm that SWA is a highly sensitive tool to map maturational differences in experience-dependent plasticity.
Introduction
Children spend much of their waking hours in school so as to acquire fundamental skills and knowledge about the world. This seems to make perfect sense, because the developing brain is assumed to be very sensitive to novel experiences, resulting in a high capability for learning and memory. However, little empirical evidence is actually available in humans to indicate that experiences have more profound and more long-lasting effects in early than in later life. Studies focusing on sensitive periods may give first hints on the modulating effect of age on experiencedependent plasticity. A sensitive period is a time window during development in which specific experiences have most profound effects on the brain and behavior (Knudsen, 2004) . First evidence for the existence of sensitive periods in humans comes from studies on language development and musical training. In these experiments, better performance and greater neuronal changes were found in adults who started to exercise these cognitive abilities early in life than those who started later (Kuhl, 2010; Steele et al., 2013) . However, the neurophysiological mechanisms of sensitive periods in humans remain essentially unknown. One open issue in this context is whether local processes of cortical maturation are directly linked to the sensitivity of a region to respond to specific learning experiences, as has been suggested previously (Penhune, 2011) .
Importantly, experience-dependent plasticity is not restricted to the brain in the waking state but extends to the sleeping brain. An increase in synaptic density and efficacy has been shown to enhance neuronal synchronization, which in turn results in increased sleep slow-wave activity (SWA; Esser et al., 2007; Dash et al., 2009; ; EEG activity at a frequency of 1-4.5 Hz that hallmarks deep slow-wave sleep). Specific learning experiences involving, for instance, intense visuomotor adaptation during the day resulted in an increase in post-learning SWA specifically over the cortical region that was shown to be involved during learning Hanlon et al., 2009; Landsness et al., 2009; Määttä et al., 2010; Mascetti et al., 2013 ). Brain maturation is another factor that strongly affects sleep SWA. More specifically, not only has the SWA peak been found to parallel the posterior-to-anterior neurodevelopmental trajectory that has been described for gray matter volume, an anatomical marker of cortical maturation (Sowell et al., 2002; Casey et al., 2005) , but SWA was also significantly correlated with gray matter volume Buchmann et al., 2011) . In the present study, we investigated the following in children (9 -11 years, n ϭ 15), adolescents (12-17 years, n ϭ 14), and adults (18 -27 years; n ϭ 17): (1) the effects of visuomotor adaptation on local SWA during the post-learning night; and (2) the association between measures of cortical maturation (i.e., gray matter volume and baseline SWA) and the local increase in SWA after visuomotor adaptation.
Materials and Methods
Subjects. Fifteen children aged 9 -11 years (mean Ϯ SEM, 10.27 Ϯ 0.22 years; six females, nine males), 14 adolescents aged 12-17 years (15.51 Ϯ 0.36; two females, 12 males), and 17 adults (21.25 Ϯ 0.73 years; three females, 14 males) participated in the study. Structural MRI data was available in 37 of these participants (children, n ϭ 13; adolescents, n ϭ 14; adults, n ϭ 10) because they had also participated in another experiment in which these measures were recorded (whole dataset was published previously by Buchmann et al., 2011) . The participants were recruited via advertisements placed at the university, at the children's hospital, and in local newspapers. Interviews with the parents and children/adolescents and standardized questionnaires ensured that the participants had no behavioral problems, cognitive impairments, or sleep disorders. The subjects had no history of any neurological or psychiatric disorder and did not take any medication at the time of the experiment. The study was approved by the local ethics committee, and subjects gave written informed consent before participating. For the children and adolescents, this was accomplished by a parent. Additionally, all children and adolescents provided verbal assent.
Procedure. Each subject participated in two conditions (baseline and adaptation) according to a within-subject crossover design, with the order of conditions balanced across subjects. The two conditions for each participant were separated by at least 1 week. In both experimental conditions, subjects came to the sleep laboratory ϳ3 h before subjects' habitual bedtime. The high-density electrodes net was placed immediately thereafter. In each condition, subjects performed on a visuomotor task in the evening and went to bed thereafter.
Visuomotor adaptation task. To investigate local changes in sleep SWA, we chose the visuomotor adaptation task because it is well known to involve a specific region over the right parietal cortex . This task requires the subjects to move a cursor from a starting point to one of four possible targets, thereby receiving a visual feedback about their hand movements on the screen in front of them (Fig.  1 A) . The experimenter permanently stood next to the subject during task performance to intervene in the case of a performance decrease as a result of lack of motivation or changes in posture (as a possible strategy to deal with the imposed rotation). Compared with previous experiments in adults Landsness et al., 2009; Määttä et al., 2010) , we decided to use an easier version of the visuomotor adaptation task with only four instead of eight possible targets to make this task feasible for children. This was based on the following: (1) previous findings demonstrating that implicit motor learning was lower in children compared with adults (Fletcher et al., 2000; Thomas et al., 2004; Wilhelm et al., 2008) ; (2) on our own pilot data showing a high rate of dropouts in the learning session when using the eight-target task version; and (3) the fact that a four-target version of the task has been successfully used in almost all of the previous studies in children (Ferrel et al., 2001; Contreras-Vidal et al., 2005) . With the reduction to four targets, we intended to reduce the length of the test period (to avoid an increase in tiredness and a decrease in motivation at the end of the blocks) and the difficulty of the task. In one of two conditions (i.e., the adaptation condition), the feedback was rotated at a fixed angle. Subjects performed on a total of seven blocks (B1-B7) each, including three trials of the same rotation angle with all of them being separated by a short break. In each of the trials, subjects had to execute 44 movements to one of the four targets in a pseudorandomized order. To familiarize the subjects to the requirements of the task, the test session started with one block without any feedback rotation (B1). Thereafter, feedback was rotated at a blockwise increasing angle (B2, 15°; B3, 30°; B4, 45°; B5, 60°). Actual visuomotor performance was tested in a separate test block at the end of the test session (B7). Preceding this test block, a block of 0°rotation (B6) was introduced to wash out any residual rotation of the internal model. We computed the directional error for each movement as the angle between the line from the initial hand position to the position of the target and the line to the position of the hand at the peak outward velocity [directional error at peak velocity (DEPV); Fig. 1 B] . As a measure of the final performance level in the adaptation condition, we calculated the average performance across all 44 movements in the last trial of B7. In the baseline condition, subjects had to execute the same amount of hand movements from the starting point to one of four targets as in the adaptation condition, but feedback was not rotated at any time. We chose exactly this kind of task to reduce the possibility that the three age groups can use different strategies. Previous experiments have uncovered two possible strategies that can be used in such a visuomotor adaptation task, i.e., explicit and implicit strategies (Benson et al., 2011; Taylor and Ivry, 2012; Taylor et al., 2014) . However, the spontaneous generation of explicit knowledge in a visuomotor adaptation task, without any additional task instructions given by the experimenter, depends on specific features that were not present in our task. These conditions include the following: (1) sufficient amount of rest between trials, which allows for movement corrections and the conscious reflection of possible sources of performance errors (in our study, targets were presented one after another at an interval of 1 s, which forced the subjects to quickly execute the movements); and (2) the abrupt imposing of the final rotation, which produces a large error signal and thereby creates a situation in which subjects might become aware of the perturbation (the rotation was gradually imposed in our study). Importantly, even if a protocol fulfils these two requirements, the actual number of Visuomotor adaptation task and visuomotor performance in children, adolescents and adults. A, During the visuomotor adaptation task, subjects sat in front of a screen that displayed a starting point in the middle of the screen and four possible target points. Subjects were required to move a cursor from the starting point to one of four targets while not seeing their movements because the hand was covered. Instead, they received a feedback about their movement on the screen. B, As a measure of the quality of each movement, we computed the angle between the line from the initial hand position to the position of the target and the line to the position of the hand at the peak outward velocity (i.e., DEPV). C, To measure the time course of visuomotor adaptation, the DEPV was normalized by dividing it by the actual rotation angle. All three age groups were able to adapt to the imposed rotation as indicated by a decrease in DEPV within each block ( p Ͻ 0.001 for main effect of trial).
subjects that gain insight into the nature of the imposed perturbation and therefore are able to use an explicit strategy to improve their performance is extremely low [Benson et al. (2011) found only 3 of 27 adult subjects]. Accordingly, it is very unlikely that the three age groups differed with regard to the use of their strategy because, with this version of the task, it was nearly impossible to generate any explicit knowledge that would be the bases for using an explicit strategy. EEG recording, preprocessing, and analysis. All-night sleep EEG, electrooculogram, and electromyogram were recorded in the sleep laboratory of the University Children's Hospital Zürich (Zürich, Switzerland). All participants were monitored during both experimental nights using high-density sleep EEG (Electrical Geodesics Sensor Net for long-term monitoring, 128 channels, referenced to a vertex electrode for direct visualization and to the average across all channels for data analysis). Data were sampled at 500 Hz (0.01-200 Hz). Offline, the EEG was bandpass filtered (0.5-50 Hz) and downsampled to 128 Hz. Artifacts were rejected on a 20 s basis after visual inspection and if power exceeded a threshold based on a mean power value in the 0.75-4.5 and 20 -30 Hz bands (Huber et al., 2000) . Poor-quality EEG channels were excluded (mean Ϯ SEM number of excluded channel, 2.01 Ϯ 0.22; range, 0 -12), and, for the topographical analyses, data of excluded channels were interpolated by the method of spherical linear interpolation. All additional analyses were based on re-referenced data: for every EEG sample, the value of each channel was divided by the average value across all 109 channels above the ears. The EEG was visually scored for sleep stages at frontal, central, and occipital electrodes (20 s epochs) based on American Academy of Sleep Medicine standard criteria (Iber et al., 2007) . For qualitative exploration, spectral analysis was performed for all channels [fast Fourier transform routine, Hanning window, 20 s epochs (averages of five 4 s epochs), frequency resolution of 0.25 Hz]. The 20 s spectral power values were then averaged for a certain time window. Subsequent analyses were restricted to the slow-wave frequency band (SWA; 1-4.5 Hz). Because we focused on experience-dependent local SWA changes, SWA was normalized by dividing SWA at a single electrode by the average SWA over all 109 electrodes as done previously . Absolute SWA (i.e., without normalization) is subject to profound dayto-day changes, which makes this measure less sensitive to uncover small experience-dependent local changes in SWA. Nevertheless, we also analyzed experience-dependent changes in absolute SWA and found the same effects that were, as expected, less pronounced compared with the normalized data. We defined as a cluster of electrodes at least seven significant neighboring electrodes. We chose this number of electrodes because, when calculating 109 statistical tests, six electrodes will become significant by chance given a significance level of 5% (which means that the calculation of 100 statistical tests will lead to five significant results without any real difference between the conditions). Note that this threshold is conservative because the likelihood of these six electrodes being neighboring electrodes is much lower.
Structural MRI and surface-based analysis. All images were obtained on the same 3 T scanner (a GE Healthcare Signa HDx). We used a T1-weighted gradient-echo whole-brain image, repetition time of 8.928 ms, echo time of 3.496 ms, and flip angle of 13°; image resolution in the x-y-z direction was 256 ϫ 256 ϫ 140 voxels, resulting in a resolution of 0.938 ϫ 0.938 ϫ 1.2 mm.
Parietal gray matter volumes were calculated using Freesurfer stable version 4.5.0 for Mac OS 10.5.2 (http://surfer.nmr.mgh.harvard.edu; Dale et al., 1999; Fischl et al., 1999) . In this software, the T1 images are analyzed using the recon-all procedure, which treats subcortical structures and cortical hemispheres separately. The hemispheres are registered with a spherical atlas, which uses individual cortical folding patterns to match cortical geometry across subjects. This procedure allows parcellation of the cerebral cortex into gyral and sulcal units. It has been shown that Freesurfer statistics are robust against white noise in the images and that results are similar for multiple T1 images and one T1 image (Jovicich et al., 2009) . Areas from the surface-based analysis were fused to form the left and right parietal lobes.
Statistical analyses. Statistical analysis of DEPV was based on a 4 ϫ 3 ϫ 3 ANOVA, including the group factor "age group" (children, adolescents, and adults) and the repeated-measures factors "block", representing the four blocks of gradual adaptation, and "trial" (three trials of the same rotation within each block). Analyses of experience-dependent local changes in SWA were based on a 2 ϫ 3 ANOVA, including the repeated-measures factor "condition" (baseline vs adaptation) and the group factor "age group". In case of a significant main effect of age group in these ANOVAs, post hoc comparisons using Tukey's HSD were calculated to further elucidate the effect of age group. In case of a significant interaction including the factor age group, separate post hoc t tests were calculated. Correlation analyses were conducted using Pearson's correlation coefficient. The level of significance was set to p ϭ 0.05.
Results

Visuomotor performance before sleep
In the adaptation condition, subjects performed on seven blocks, each including three trials of the same rotation angle, with all blocks being separated by a short break. In each of the trials, subjects had to execute 44 movements to one of four targets. After one block without feedback rotation (B1), feedback was rotated at a blockwise increasing angle in the subsequent blocks (B2, 15°; B3, 30°; B4, 45°; B5, 60°). All three age groups were able to adapt to the imposed rotation, as indicated by a decrease in the DEPV from B2 to B5 and across the three trials of the same rotation in each block (main effect of block, F (1.7,68.1) ϭ 135.85, p Ͻ 0.001; main effect of trial, F (1.8,77.5) ϭ 244.52, p Ͻ 0.001; Fig. 1C ). In the final trial of B7 (the last 44 movements during the test session), adults outperformed children (mean Ϯ SEM DEPV: adults, 12.76 Ϯ 0.97; children, 18.6 Ϯ 1.48; difference between both age groups, p ϭ 0.026), whereas no difference was found between children and adolescents (adolescents, 17.96 Ϯ 2.21; p Ͼ 0.95).
Experience-dependent local changes in SWA
In both conditions, high-density EEG (128 electrodes) was recorded during the night. As expected, children, adolescents, and adults differed significantly with respect to a number of sleep parameters (i.e., total sleep time, amount of sleep stages 2 and 3). Importantly, there were no differences in any sleep parameter when comparing baseline with adaptation condition (for sleep parameters and statistics, see Table 1 ).
To investigate whether visuomotor adaptation affects local SWA, we calculated for each of the 109 electrodes a 2 ϫ 3 ANOVA, including the within subject-factor condition (adaptation/baseline) and the between-subject factor age group (children/adolescents/adults). During the post-learning night, SWA was increased in a cluster of eight electrodes that were located over the right parietal cortex (main effect of condition for each of these electrodes, p Ͻ 0.05; Fig. 2A ). To further investigate the modulating affect of age on experience-dependent changes in SWA, we averaged SWA over these eight electrodes and calculated a 2 (condition) ϫ 3 (age group) ANOVA. This analysis revealed that the effect of visuomotor adaptation on local SWA was critically modulated by the subjects' age (main effect of condition, F (1,43) ϭ 13.63, p Ͻ 0.001; interaction of condition ϫ age group, F (2,43) ϭ 3.50, p ϭ 0.039). Post hoc t tests indicated that visuomotor adaptation strongly affects SWA in the parietal cluster in the group of children (adaptation vs baseline, p ϭ 0.003) but not in adolescents ( p ϭ 0.20) and adults ( p ϭ 0.36; Fig. 2B ). Accordingly, age was negatively correlated with the local increase in SWA (r ϭ Ϫ0.35, p ϭ 0.018; Fig. 2C ).
To analyze the time course of experience-dependent local changes in SWA across the night, we calculated SWA in the parietal cluster in the first 30 min of non-rapid eye movement (REM) sleep in each of the first five sleep cycles in both experimental conditions. In children, higher SWA in the parietal cluster was found after visuomotor adaptation compared with baseline in the first four cycles (first, second, and fourth, p Ͻ 0.05; third, p Ͻ 0.10; Fig. 3A) , whereas in adolescents and adults, this was the case in two of five cycles (adolescents: second, p Ͻ 0.05 and third, p Ͻ 0.10; adults: second and fourth, p Ͻ 0.05; Fig. 3 B, C; for the topoplots indicating local changes in SWA in the first four cycles in each of the three age groups, see Fig. 4) .
In a next step, we tested whether the observed age-dependent differences in experience-dependent SWA changes are directly related to processes of cortical maturation. SWA is a valid marker of brain maturation because it was shown to be highest in regions undergoing cortical reorganization during maturation Buchmann et al., 2011) . We used SWA in the first 30 min of non-REM sleep in the baseline condition as a measure of cortical maturation. In line with previous imaging studies showing a posterior-to-anterior trajectory (Sowell et al., 2002; Casey et al., 2005) , we found that the SWA peak shifted from occipital to frontal areas from childhood to adolescence (Fig. 5A) . Moreover, baseline SWA in the eight electrodes of interest (i.e., those elec- The p values for the main effect of age group in 2 (condition) ϫ 3 (age group) ANOVAs are shown in the last column (main effect of condition for all analyses, p Ͼ 0.12). trodes over the parietal cortex that had been found to show increased SWA after visuomotor adaptation) was highest in the group of children (main effect of age group, F (2,42) ϭ 17.87, p Ͻ 0.001; children vs adults, p Ͻ 0.001; children vs adolescents, p Ͻ 0.01; adolescents vs adults, p ϭ 0.58; Fig. 5B ). Importantly, baseline SWA in this cluster was significantly correlated with the increase in SWA after visuomotor adaptation in children, whereas in adults or adolescents, such a correlation was not found (children, r ϭ 0.70, p ϭ 0.004; adolescents, r ϭ Ϫ0.06, p ϭ 0.85; adults, r ϭ Ϫ0.26, p ϭ 0.29; Fig. 5C ). To verify that baseline SWA can indeed be used as a marker of maturation in the current study sample, we analyzed structural MRI markers of brain maturation in the region of interest (i.e., the right parietal lobe) in a subset of the study sample (n ϭ 37; children, n ϭ 13; adolescents, n ϭ 14; adults, n ϭ 10). Gray matter volume in the right parietal lobe was significantly correlated with baseline SWA in the cluster of interest over the right parietal lobe (r ϭ 0.46, p ϭ 0.004; Fig.  5D ). Moreover, gray matter volume in the right parietal lobe correlated with the increase in SWA after visuomotor adaptation in the right parietal electrode cluster (r ϭ 0.46, p ϭ 0.004; age corrected, r ϭ 0.35, p ϭ 0.034; Fig. 5E ). A lack of a correlation between gray matter volume in the left parietal lobe and the SWA increase in the right parietal cluster (r ϭ 0.27, p ϭ 0.11; age corrected, r ϭ 0.11, p ϭ 0.54) points toward an effect that is specific for the region that is involved in the task rather than a general effect of brain maturation.
P-values
Discussion
We subjected children, adolescents, and adults to a novel learning experience (i.e., a visuomotor learning task) that has been shown previously to activate circumscribed brain regions in a PET study (Brodmann areas 40 and 7, which are located in the right parietal cortex; . In the post-learning night, we observed a gain in SWA in a cluster of eight electrodes over the right parietal scalp that was strongest in children compared with adolescents and adults. The finding of increased local SWA in a region that is known to be recruited during task performance is in line with a number of previous experiments in humans and rodents reporting a link between learning experiences during the wake phase and local SWA during subsequent sleep (Kattler et al., 1994; Huber et al., 2004 Huber et al., , 2006 Hanlon et al., 2009; Mascetti et al., 2013) . SWA in the surface EEG reflects a highly synchronous alternating pattern of neuronal firing (depolarization) and neuronal silence (hyperpolarization) in large neuronal networks (Steriade et al., 1993) . Novel learning can lead to the formation and selective elimination of synapses and the modulation of synaptic strength (for review, see Fu and Zuo, 2011 ). An increase in synaptic density and efficacy has been shown to enhance neuronal synchronization, which in turn results in greater SWA (Esser et al., 2007; Dash et al., 2009; . Thus, it is reasonable to assume that the local change in SWA in the right parietal cluster in the post-learning night reflects the increase in synaptic strength and/or density in this specific region induced by the learning task. Our finding of greatest changes in local SWA in the group of children indicates that experience-dependent plasticity is highest during childhood and declines thereafter. These data are well in line with a number of previous findings pointing toward the existence of sensitive periods during human development for specific skills, such as second-language learning and musical training (Elbert et al., 1995; Schlaug et al., 1995; Nicholas and Geers, 2007; Bailey and Penhune, 2010; Kuhl, 2010; Steele et al., 2013) . In most of these experiments, better performance was found in adults who started to train these cognitive abilities early in life when compared with those who started later. As discussed previously (Penhune, 2011), these studies can only give indirect information on the modulating effect of age on experiencedependent plasticity because they are subject to multiple confounding factors. More specifically, one can hardly exclude that children ("early learners") and adults ("late learners") already differ with regard to preexisting factors, such as genetically determined differences in skill or individual differences in motivation and training. These confounding factors were eliminated in our study by mapping local changes in SWA immediately after learning. Importantly, using this approach we were able to show that sensitive periods for visuomotor learning exist during human development.
The neurophysiological mechanisms underlying sensitive periods in humans are not well understood. It has been argued recently that learning a specific skill induces profound and longlasting effects in the brain and behavior at the time during which the involved cortical region undergoes maturation (Penhune, 2011; Steele et al., 2013) . Maturation does not occur simultaneously in different brain regions, but motor and sensory systems mature earliest, temporal and parietal association cortices mature Regions of significantly increased SWA are shown from red to yellow (the critical t value in all age groups and cycles of 2.15 is marked by the black line in the color bar). Note that the right parietal cluster (as indicated by the black dots) is the one that most consistently showed a significant increase after visuomotor adaptation. The discussion of regions becoming significant in single cycles and age groups (e.g., the frontocentral region in the second and third cycles in adolescents) is interesting but goes beyond the scope of this study.
next, and prefrontal and lateral temporal regions mature latest (Sowell et al., 2002; Gogtay et al., 2004; Casey et al., 2005) . Consequently, adolescents and adults in our study may have shown lower experience-dependent plastic changes after visuomotor adaptation than children because their parietal cortex is already fully mature. Our findings on a strong correlation between gray matter volume in the right parietal cortex and the local experience-dependent increase in SWA over the right parietal scalp are in line with this notion. Moreover, SWA over the parietal cluster, which can be used as an electrophysiological marker of the maturation of this region (Kurth et al., , 2012 Buchmann et al., 2011) , was also significantly associated with the experience-dependent increase in SWA over this region. These findings suggest the following: (1) actual processes of brain maturation within a specific region favor experience-dependent plasticity in this region; and (2) mapping local SWA during postlearning sleep is a sensitive tool to uncover this relationship. This suggestion is supported by an animal experiment that studied the effect of sensory experiences on SWA in young and old mice and cats (Miyamoto et al., 2003) . In this study, visual deprivation (i.e., dark rearing) of young mice and cats during the critical period for ocular dominance resulted in a dramatic reduction of SWA over the primary visual cortex, whereas this effect was not observable in older animals. Future studies need to elucidate the exact time courses of experience-dependent plasticity for a variety of cognitive tasks that depend on different brain regions. An estimation of the developmental time window in which the brain is most vulnerable to the external input of specific experiences (i.e., language learning or the acquisition of motor skills) can have important implications not only for educational policy but also clinical therapy. SWA is not only an indicator for experience-dependent plasticity but is itself causally related to the long-term storage of newly acquired experiences. For example, task performance at a later recall was improved when SWA during post-learning sleep had been boosted by auditory or electrical stimulation (Marshall et al., 2006; Ngo et al., 2013 ). Thus, current models suggest a cycle of novel learning experiences, leading to a local increase of SWA during sleep, which in turn results in a strengthening and/or improvement of performance in the learned task after sleep (Nere et al., 2013; Rasch and Born, 2013) . Whether visuomotor adaptation indeed develops optimally over time in children and whether this is related to their strong increase in local SWA after visuomotor adaptation needs to be studied in future experiments.
Moreover, SWA has been hypothesized recently to be actively engaged in processes of brain maturation (Campbell and Feinberg, 2009; Huber and Born, 2014) . Brain maturation is a process of intense cortical reorganization characterized by a rapid increase in synaptic density, followed by an elimination of synapses (for review, see Rakic et al., 1994) . In adolescent mice, the production of synapses was found to most efficiently occur during wakefulness, whereas the elimination of synapses was most prominent during sleep (Maret et al., 2011) . Here, we found that stimulating a specific brain region by a learning task at the developmental time of high synaptic density (as indicated by gray matter density and baseline SWA) results in a strong increase in SWA in the same region. This increase in SWA presumably reflects the learning-dependent increase in synaptic density/ strength, which may lead to a more efficient reorganization of the involved cortical circuits. Together with previous work revealing the importance of sleep for brain plasticity during development in animals (Frank et al., 2001; Jha et al., 2005) , the current experiment indicates that studying processes during sleep may well be fruitful to improve our understanding of how experiences effect the brain during early development. Moreover, if indeed sleep is centrally involved in shaping our brain during development, disturbed or insufficient sleep during development might have negative consequences on cortical maturation. A sensitive period within which an experience can induce major changes in the brain does not exclude that the same experience has no affect after closure of this window. Previous studies indeed reported an increase of SWA over the parietal cortex after visuomotor adaptation in a group of adults Landsness et al., 2009 ). The weaker effect of visuomotor adaptation on SWA in our adults compared with these previous experiments can be attributed to our specific task properties (i.e., four instead of eight targets; for details, see Materials and Methods). This might have resulted in less intense learning, which in turn led to less plastic changes in the adults' brain. In adults, because of their decreased level of brain plasticity, more intense stimulation of neuronal networks might be needed to reach a substantial level of experience-dependent changes. This interpretation is in line with a previous experiment in adults demonstrating that the difficulty of a task determines whether learning induces SWA changes in the subsequent night ).
An obvious limitation of the study is its cross-sectional nature. Subjects from different cohorts might differ with regard to individual variables (e.g., experience in using a computer mouse), and one might ask whether such cohort differences can have confounded our findings. If this was the case, learning performance should have differed between the age groups, with children performing better than adolescents and adults. We found only very subtle behavioral differences with children performing worse than adults at the end of learning, whereas children and adolescents did not differ. Thus, it is unlikely that cohort-specific differences affecting learning performance can explain the observed age-dependent differences in local SWA changes after visuomotor adaptation. Nevertheless, additional studies are needed in which subgroups of the same cohort are tested at three different ages to fully exclude this possible confound.
